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where that glycoprotein is most critical in transporting iron into cells. For example, the severe anemia (19) demonstrates that the erythron relies on transferrin.
In hpx/hpx mice, a point mutation that alters an invariant nucleotide in the splice donor site after exon 16 of the transferrin gene (23) causes defective splicing (15) . As a result, the hpx/hpx mice produce Ͻ1% of the normal levels of transferrin. This condition is lethal unless supplementation is accomplished with weekly injections of either transferrin or serum.
Despite this lack of transferrin, hpx/hpx mice demonstrate an accumulation of iron in peripheral organs (e.g., the liver, pancreas, and heart) (5, 16) with the lung (10) to be the focus of the present study. Many types of mammalian cells exhibit an alternative means of mobilizing and transporting non-transferrin-bound iron (NTBI), a transport system yet to be fully characterized. Natural resistance-associated macrophage proteins are a group of transporters in vertebrates that are representative of a small family of structurally and functionally related polypeptides conserved across numerous species, with homologues identified in yeasts, bacteria, worms, flies, and plants (9) . Evolutionary conservation suggests that a fundamental function may be common to all of these proteins. Natural resistance-associated macrophage protein type 2, now more frequently referred to as divalent metal transporter 1 (DMT1), is expressed in many tissues and cell types as an integral membrane protein modified by glycosylation (molecular weight of 90-100 kDa) (24) . This protein functions to transport divalent metal cations including Fe 2ϩ (13) . A G185R mutation that occurs in both the microcytic mouse (8) and the Belgrade rat (7) affects both gastrointestinal iron uptake and endosomal exit of iron after transferrin uptake; hence DMT1 is responsible for both processes. The Belgrade rat is also defective in NTBI transport (6, 12) ; thus at least one form of NTBI transport also relies on DMT1.
DMT1 generates two alternatively spliced mRNAs (7, 13, 18 ) that differ at their 3Ј untranslated region by either the presence or absence of an iron-response element (ϩIRE and ϪIRE isoforms, respectively). The two isoforms also differ in the COOH-terminal 18 or 25 amino acids. IREs are found in noncoding portions of mRNA for specific proteins that can be posttranscriptionally regulated in response to cellular iron levels (17) . The presence of IRE suggested that DMT1 levels may also be modulated by iron via an IRE-dependent pathway. Exposure of respiratory epithelial cells to iron increases expression of ϪIRE DMT1 (25); however, it indicates that there is also an IRE-independent iron-regulatory pathway for control of DMT1 expression. Despite the response of the ϪIRE form, there was little effect of the metal on the ϩIRE isoform.
Because iron accumulation in the lung is increased in hpx/hpx mice (10), we tested the hypothesis that increased concentrations of iron in the lungs of these mice are associated with elevations in DMT1 expression and found such an elevation. We also investigated whether the ϪIRE isoform or the ϩIRE isoform increased in level and found that the former increased, whereas the latter decreased.
METHODS
Animal model. Homozygous (hpx/hpx) mice were obtained from matings between hpx/ϩ and hpx/ϩ animals (originally derived from BALB/c mice). Newborn hpx/hpx pups were small, anemic, and pale at birth. They were maintained by weekly intraperitoneal injections of mouse serum (up to 0.3 ml) (2) . Homozygous hpx/hpx and ϩ/ϩ mice were distinguished by their serum concentrations of transferrin. All animals were kept in pathogen-free facilities and routinely monitored for pathogens and viruses. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center and complied with federal regulations.
Nonheme iron concentrations in lung. Nonheme iron concentrations in mouse lungs were measured after precipitation of hemoglobin (22) . Lung tissue (0.10 g wet weight) was hydrolyzed in a solution of 3 N HCl and 10.0% trichloroacetic acid (0.10 g lung: 1.0 ml) at 70 o C for 16 h. The hydrolyzed tissue was centrifuged at 1,200 g for 10 min. Iron in the supernatant was measured in duplicate using inductively coupled plasma emission spectroscopy (ICPES; ϭ 238.204). Standards included ferric chloride in 3 N HCl and 10% trichloroacetic acid.
Western blot analysis for DMT1. Preparation of isoformspecific antibodies has been previously described (20) . Although directed against peptides based on the rat ϮIRE DMT1 sequences, each antibody cross-reacts in an isoformspecific manner with the homologous mouse DMT1 protein.
Frozen lung tissue was homogenized on ice in buffer containing 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 10 mM sodium fluoride, 1 mM vanadyl sulfate oxide, 1 mM phenylmethylsulfonyl fluoride, and antiprotease cocktail composed of 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 0.8 M aprotinin, 20 M leupeptin, 50 M bestatin, 10 M pepstatin A, 15 M E-64 cocktail set III (cat. no. 539134; Calbiochem, La Jolla, CA) in phosphate-buffered saline (PBS) at pH 7.4. Homogenates were centrifuged at 10,000 g for 10 min at 4 o C, and the supernatants were aliquoted and stored at Ϫ80 o C.
Protein samples (150 g/lane) were separated by electrophoresis on 15 wells of 8% SDS acrylamide gel and transferred to a nitrocellulose membrane (Bio-Rad). The membrane was blocked with 3% nonfat milk in PBS at pH 7.4 and incubated with one of the antibodies overnight at 4°C. It was stained with a horseradish peroxidase-conjugated goat antirabbit IgG antibody (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA) and developed using enhanced chemiluminescence (ECL kit; Amersham Pharmacia Biotech). Film images were captured and analyzed quantitatively with a Kodak DC120 digital camera with the use of the Digital Science Electrophoresis Documentation and Analysis System 120 (Eastman Kodak, Rochester, NY).
Immunohistochemistry. Tissue sections were cut, floated on a protein-free water bath, mounted on silane-treated slides (Fisher, Raleigh, NC), and air dried overnight. The slides were heat fixed at 60°C in a slide dryer (Shandon Lipshaw, Pittsburgh, PA) for 10 min and cooled to room temperature. Sections were then deparaffinized and hydrated to 95% alcohol (xylene for 10 min, absolute alcohol for 5 min, and 95% alcohol for 5 min). Endogenous peroxidase activity was blocked with H 2O2 in absolute methanol (30% H 2O2 in 30 ml of methanol) for 8 min. Slides were rinsed in 95% alcohol for 2 min, placed in deionized H2O, and washed in PBS. After treatment with Cyto Q Background Buster (Innovex Biosciences) for 10 min, slides were incubated with the primary antibody diluted in 1% bovine serum albumin for 45 min at 37°C in PBS at a dilution of 1:100. Slides were incubated with biotinylated linking antibody from Stat-Q Staining System (Innovex Biosciences) for 10 min at room temperature and washed with PBS, and a peroxidase enzyme label from Stat-Q Staining System was applied. After being incubated for 10 min at room temperature and being washed with PBS, tissue sections were developed with 3,3Ј-diaminobenzidine-tetrahydrochloride for 3 min at room temperature. The sections were counterstained with hematoxylin, dehydrated through alcohols, cleared in xylene, and coverslipped with the use of a permanent mounting media.
Reverse transcriptase-polymerase chain reaction. Mouse lung tissue was collected and snap frozen in liquid nitrogen. Total RNA was extracted from the lung tissue homogenates using TRIzol reagent (Life Technologies, Bethesda, MD). Lysates were sheared with four passes through a 22-gauge syringe. First-strand cDNAs were synthesized from 0.4 g of total RNA in 100 l of a buffer containing 5 M random hexaoligonucleotide primers, 10 U/l Moloney murine leukemia virus reverse transcriptase, 1 U/l RNasin, 0.5 mM dNTP, 50 mM KCl, 3 mM MgCl2, and 10 mM Tris ⅐ HCl (pH 9.3). After a 1-h incubation at 39°C, the reverse transcriptase was heat inactivated at 94°C for 4 min. Quantitative PCR was performed by using polymerase with detection of Taqman fluorescence on an sequence detector (ABI Prism 7700; PE Biosystems, Foster City, CA). DMT1 mRNA levels were normalized by using the expression of GAPDH as a housekeeping gene. Relative quantitation of both DMT1 and GAPDH mRNA was based on standard curves prepared from serially diluted mouse mast cell cDNA. The following primer sequences were used. DMT1 (ϪIRE): sense, CGTACCGCCTGGGACTGA; antisense, GTCATCTGGACACCACTGAGTCA; Taqman probe, CAGCCTGAACTCTATCTTCTGAACACCGTGG. DMT1 (ϩIRE): sense, TGGGCCAGGCACGTCTAC; antisense, GCTGCCTA-ATGCTACAGGGTAAG; Taqman probe, CTCATCTTAAG-CATACATGACAGCCAGGCA. GAPDH: sense, CATGGCCT-TCCGTGTTCCTA; antisense, TGTCATCATACTTGGCAG-GTTTCT; Taqman probe, TCGTGGATCTGACGTGCCGCC.
Uptake of iron by alveolar macrophages. After being anesthetized with metafane, animals were euthanized by exsan-guination through the abdominal aorta. Lungs from ϩ/ϩ and hpx/hpx mice were then lavaged with 1.0 ml of normal saline (0.9% NaCl). The lavage was repeated four times, and the cells were pooled. Alveolar macrophages (1.0 ϫ 10 6 /ml RPMI 1640) were exposed to 50 g oil fly ash containing a high concentration of iron compounds soluble in aqueous solution (8,154 ppm) (5). Cell suspensions were collected at 0, 15, 30, and 60 min. After centrifugation at 600 g, the concentration of iron in the supernatant was measured with the use of ICPES ( ϭ 238.204).
Ferritin concentrations in alveolar macrophages. Alveolar macrophages (1.0 ϫ 10 6 /ml RPMI 1640) were again exposed to 50 g oil fly ash. Cell suspensions were collected at 0 and 60 min, centrifuged at 600 g for 10 min, washed in PBS, and sonicated. L-ferritin concentrations were measured with a commercially available kit (an enzyme immunoassay), controls, and standards from Microgenics (Concord, CA). These assays were modified for use in the Cobas Fara II centrifugal spectrophotometer (Hoffman-LaRoche, Branchburg, NJ).
Statistics. Values are means Ϯ SE. Differences between the homozygotes and wild-type mice were analyzed employing t-test of independent means. Differences between multiple groups were compared with one-way ANOVA. Duncan's multiple-range test was used as a post hoc test. Two-tailed tests of significance were employed. Significance was assumed at P Ͻ 0.05.
RESULTS
hpx/hpx mice can exhibit a siderosis of peripheral organs (16) . ICPES measurements of nonheme iron confirmed significantly elevated concentrations in the lung tissue of hpx/hpx mice relative to ϩ/ϩ controls (Fig. 1) . Explaining these increased quantities of metal in this tissue is a challenge because concentrations of transferrin are extremely low in serum, so one must postulate an alternative pathway of iron uptake. DMT1 is a second transporter that could possibly contribute to elevated quantities of the metal in the lungs (25) . Western blot analyses demonstrated an elevation in the expression of ϪIRE DMT1 in hpx/hpx mice relative to the controls (Fig. 2A) . Densitometry supported a ninefold increase in the expression of this isoform in the hpx/hpx mice (Fig. 2B) . In contrast, there were significant decrements in the expression of ϩIRE DMT1 in the Hp mouse relative to the controls (Fig. 3A) . This decrement in the ϩIRE isoform of DMT1 was similarly confirmed by densitometry (Fig. 3B) .
Lungs of both Hp and wild-type mice were excised and embedded in paraffin. An increased expression of ϪIRE DMT1 was evident on immunohistochemistry in the hpx/hpx mice relative to a ϩ/ϩ control. DMT1 (ϪIRE) was localized to both airway epithelial cells and alveolar macrophages in wild-type mice. Staining appeared increased in both epithelial and phagocytic cells in the Hp mice, with the most obvious elevation in 
. Western blot analyses for negative iron responsive element (ϪIRE) divalent metal transporter-1 (DMT1).
A: the main band represents a protein with a molecular weight of ϳ90 kDa. Extracts of six separate lungs acquired from wild-type animals is shown at top, whereas the tissue at bottom is from hpx/hpx mice. Only one lung from a wild-type animal demonstrated higher levels of ϪIRE DMT1, whereas only one hpx/hpx had a low signal. The intensity of the band for ϪIRE DMT1 was greater in the Hp mice relative to the wild-type animals. B: densitometry. Quantitation supported a ninefold increase in ϪIRE DMT1 in hpx/hpx mice relative to ϩ/ϩ. *P Ͻ 0.05, significantly increased relative to wild-type animals. expression being in the alveolar epithelium (Fig. 4) ; much of the intracellular staining was in the nuclei. Staining with antibody for the ϩIRE isoform in the lungs of either hpx/hpx or ϩ/ϩ mice was very weak (not shown), rendering disparities between genotypes not discernible.
Comparable with cultured airway epithelial cell (25), mRNA for ϪIRE DMT1 was more abundant in the lungs of both types of mice relative to ϩIRE DMT1. In vitro investigation has led to the suggestion that iron can affect ϪIRE DMT1 through a mechanism that alters polyadenylation and/or transcription (25) . Thus Hp mice were investigated for their mRNA levels (Fig.  5) . Elevated concentrations of both tissue nonheme iron and expression of this protein in the Hp mice were associated with increased quantities of ϪIRE DMT1 mRNA relative to GAPDH mRNA (Fig. 5A) . There was little difference between ϩ/ϩ and hpx/hpx mice in the amount of mRNA for ϩIRE DMT1 (Fig. 5B) .
It was also of value to ask whether the increased expression of ϪIRE DMT1 in cells resident in the lower respiratory tract led to increased function with respect to iron uptake. Therefore, alveolar macrophages were collected from both ϩ/ϩ and hpx/hpx mice and exposed to an emission source air pollution particle with high concentrations of metals, including iron (i.e., oil fly ash). Phagocytes obtained from both types of mice rapidly transported the metal. The time-dependent uptake of this metal, however, was significantly accelerated for cells obtained from hpx/hpx mice compared with ϩ/ϩ mice, confirming increased functional expression of ϪIRE DMT1 (Fig. 6) . This increased transport of the metal was associated with elevated concentrations of ferritin in the macrophages ( Fig. 7 ; global F A: extracts of six lungs acquired from ϩ/ϩ animals are shown at top, whereas the tissue at bottom is from hpx/hpx mice. In contrast to ϪIRE data, Hp animals demonstrated a decrement in the expression of ϩIRE DMT1. B: densitometric quantitation confirmed an eight-to ninefold decrease in band intensity for ϩIRE DMT1 in the hpx/hpx mice relative to ϩ/ϩ. *P Ͻ 0.05, significantly decreased relative to wildtype animals.
value ϭ 188, P Ͻ 0.0001). All comparisons with those alveolar macrophages obtained from wild-type animals exposed to media were significant. The comparison between ferritin concentrations in alveolar macrophages obtained from hpx/hpx mice exposed to media and oil fly ash was also significant.
DISCUSSION
Iron is an essential micronutrient utilized in many aspects of normal cell function. To transfer iron across a membrane, mammalian cells frequently rely on the glycoprotein transferrin in a cyclic mechanism dependent on the transferrin receptor (21) . One alternative mechanism of iron transport employs lactoferrin, a monomeric, cationic metal-binding glycoprotein commonly found in human mucosal secretions (e.g., milk, tears, semen, and plasma) and in the specific granules of polymorphonuclear leukocytes (11) . Nevertheless, respiratory epithelial cells demonstrate a rapid (within 60 min) transport of metal from buffer that does not contain either transferrin or lactoferrin (25) . This absence suggests a transport pathway of iron independent of both glycoproteins. The capacity of DMT1 to carry out NTBI uptake (6, 12) immediately indicts this Fig. 5 . Levels of mRNA for DMT1 isoforms of IRE in the lung. A: ϪIRE; B: ϩIRE. Assuming that GAPDH mRNA levels are unchanged, there is more than twice as much ϪIRE mRNA in hpx/hpx mice as in ϩ/ϩ mice; this difference is significant. Levels of mRNA for ϩIRE DMT1 relative to GAPDH mRNA demonstrate no disparities between the two types of mice. *P Ͻ 0.05, significantly increased relative to wild-type animals. Fig. 6 . Iron concentration remaining in supernatants of alveolar macrophages after exposure to oil fly ash. There was a rapid timedependent uptake of the metal by the alveolar macrophages. This rate was significantly increased in phagocytes acquired from hpx/hpx mice relative to wild-type mice, with the difference significant for each point (n ϭ 6 mice of each genotype/time point; plotted as means Ϯ SD). *P Ͻ 0.05, significantly decreased relative to wild-type animals. Fig. 7 . Concentrations of ferritin in alveolar macrophages from wildtype and hpx/hpx animals. Relative to the wild-type mouse, there was a significantly elevated concentration of ferritin in those cells derived from the hypotransferrinemic mice before any exposure. Ferritin concentrations in the alveolar macrophages increased significantly 1 h after exposure to the oil fly ash (n ϭ 6 mice of each genotype/time point; plotted as means Ϯ SD).
transporter. Elevations in both the mRNA and protein levels for ϪIRE DMT1 correlated with increased metal uptake after exposure to iron, supporting a potential participation of this protein in a detoxification of iron by a cell (25) . Consequently, increased uptake of iron by elevated concentrations of DMT1 was investigated as one potential pathway for an accumulation of nontransferrin-bound iron in the lower respiratory tract of hpx/hpx mice.
Western blot analysis and immunohistochemistry both reveal an increased expression of DMT1 in hpx/ hpx relative to ϩ/ϩ mice, but this increase was specific for the ϪIRE isoform only. Relative to the wild-type mice, there was an actual decrease in expression of ϩIRE DMT1 protein. In human airway epithelial cells, there appears to be less ϩIRE protein relative to ϪIRE (25) . The relative abundance of the ϪIRE form in airways is in contrast to data for the duodenum in which the ϩIRE isoform exceeds the ϪIRE isoform in expression (3) . The significance of these disparities in the expression of one isoform relative to the other is unknown. It may reflect dissimilar functions, with the purpose of the ϩIRE isoform being to provide metal for nutritional requirements and that of ϪIRE DMT1 to diminish availability of catalytically active iron and associated reactive oxygen species. In support of dissimilar roles for the isoforms, hpx/hpx mice also exhibit an increased expression of DMT1 in the duodenum but the elevation is in the ϩIRE isoform (4).
Comparable with protein levels, there were increases in the level of ϪIRE DMT1 mRNA in hpx/hpx mice relative to GAPDH mRNA compared with ϩ/ϩ mice. In contrast, the ϩIRE mRNA levels changed little if at all relative to GAPDH mRNA in hpx/hpx mice compared with ϩ/ϩ mice. However, the level of ϩIRE DMT1 protein decreased in hpx/hpx mice. Quantitative interpretation of these comparisons depends on the assumption that GAPDH mRNA levels remain unchanged. This assumption is frequently made, but it can be incorrect when iron is involved (M. Muckenthaler and M. W. Hentze, personal communication). If GAPDH mRNA levels go up with ϪIRE DMT1 mRNA levels but to a lesser degree, then the apparent constancy for ϩIRE mRNA is actually a decrement and the changes in ϮIRE protein would reflect changes in ϮIRE mRNA. No differences between the control and hpx/hpx mice in the ratio of GAPDH mRNA to total mRNA could be detected. This suggests that GAPDH mRNA did not demonstrate significant differences in the hpx/hpx mice relative to the control animals. Therefore, it can be concluded that transcriptional control affects expression of ϪIRE DMT1. This relationship between the mRNA for ϪIRE DMT1 and iron is similar to that described for respiratory epithelial cells where elevated iron correlated with increases in both mRNA and protein for ϪIRE DMT1 in cultured BEAS-2B cells (25) . This supports a control at the transcriptional level or via alternative polyadenylation. However, some other mechanism appears to be responsible for decrements in ϩIRE DMT1 protein in the hpx/hpx mice. Clearly, some form of translational or posttranslational control of DMT1 expression may contribute to differences in the ϩIRE isoform between the two types of mice. ϮIRE isoforms differ in their COOH terminals; the ϪIRE isoform substitutes 25 amino acids for the COOH-terminal 18 amino acids of the ϩIRE form. This difference could affect the levels of the two proteins and the relative stability of ϮIRE DMT1 mRNAs. The effect of iron on this stability is not known, and further investigation is warranted.
Increased expression of ϪIRE isoform of DMT1 in hpx/hpx mice is associated with a decreased susceptibility of the lower respiratory tract to metal-abundant particles and hyperoxia (10, 26) . Tissue injury resulting from an oxidative stress can be mediated by an increased availability of catalytically reactive metal (14) . In addition to antioxidants in the lung, cells resident in the lower respiratory tract can contain such an oxidative stress by transporting the metal and ultimately storing it in a chemically less reactive form within ferritin (1) . After disruption of iron homeostasis leading to elevation of available, catalytically active metal, one means of diminishing the metal-catalyzed oxidant generation would be an increased cellular uptake with storage within ferritin. It is possible that ϪIRE DMT1 delivers this iron to intracellular ferritin in the lower respiratory tract. This increased transport activity probably contributes to improved amelioration of lung injury in hpx/hpx mice after the challenges noted above (10, 26) .
Alternatively, rather than causing the elevated quantities of nonheme iron in the lower respiratory tract of a Hp animal, increased concentrations of ϪIRE DMT1 could result from a greater availability of the metal. Iron could be transported into respiratory cells through some pathway other than transferrin, lactoferrin, or DMT1. The elevated concentrations of metal could then stimulate expression of the ϪIRE isoform. Therefore, rather than mediating the elevation of iron, the increased expression of DMT1 ϪIRE in these animals would be the result of accumulated metal. Future experiments should help to distinguish cause and effect. For example, Belgrade rats have a G185R mutation in DMT1 that severely reduces iron transport (7) . Experimental analyses that use the Belgrade model in a fashion similar to the hypotransferrinemic mouse test cause/effect relationships under conditions where DMT1 is not responsible for most residual iron transport. Airway tissue of b/b rats increases (inactive) ϪIRE DMT1 levels but is more susceptible to damage than airway tissue of ϩ/b control rats after exposure to a challenge with an iron-containing agent, supporting the argument that the increase in this isoform is ordinarily protective (authors' unpublished observations).
We conclude that differences between hpx/hpx and ϩ/ϩ mice in nonheme iron concentrations correlated with parallel differences in expression of ϪIRE DMT1. Increased expression of the ϪIRE DMT1 in the lungs of hpx/hpx mice could be responsible for elevated concentrations of the metal in these tissues. In addition, elevations in this transporter could decrease susceptibility of these mice to exposure challenges involving oxidative stress associated with increased availability of catalytically active metal.
